Abstract. In this paper we used a multiparametric approach to analyze extensively the events occurring during apoptotic cell death of thymocytes, and furthermore, we asked whether alterations in mitochondrial structure and function are occurring in early stages of apoptosis. A multiparametric quantitative analysis was performed on normal or apoptotic thymocytes emerging from a few-hour culture performed in culture medium or in the presence of dexamethasone. Simultaneous detection of light scattering properties, integrity of plasma membrane (trypan blue exclusion), chromatin condensation (AO/EB staining of entire cells or PI staining of nuclei), and DNA fragmentation (in situ nick-translation in apoptotic cells) allowed a precise analysis of the preapoptotic and apoptotic stages. Moreover a thorough study of mitochondrial transmembrane potential (Aq~m) assessed following in a time course study the uptake by apoptotic cells of the cationic lipophilic dye DiOC6(3) or the J-aggregate-forming cation JC-1, indicates that a drop in Atem occurs very early in thymocyte apoptosis, before DNA fragmentation. This is associated with alteration in mitochondrial structure assessed by cytofluorimetric study of NAO uptake in apoptotic cells. Finally these dramatic alterations in mitochondrial structure and function occurring in early stages of apoptosis were confirmed by confocal and electron microscopy analysis. p ROGRAMMED Cell Death (PCD) 1 of thymocytes is a crucial event that is involved in the negative intrathymic selection of the T cell repertoire, leading to the clonal deletion of autoreactive T cells and to the establishment of self-tolerance (10, 4). This death of physiological significance, called apoptosis, is an active process of self-destruction associated to profound structural changes including a nuclear collapse characterized by the condensation of chromatin and fragmentation of DNA into single and multiple oligonucleosomes leading to a final and irreversible cell destruction (2, 20, 46) .
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It was stated that no marked changes in energy metabo-1. Abbreviations used in this paper. AO, acridine orange; A~m, mitochondrial membrane potential; A~pm , plasma membrane potential; DiOC6(3), 3,3'-dihexyloxacarbocyanine iodide; EB, ethidium bromide; FSC, forward scatter; JC-1, 5,5',6,6'-tetrachloro-l,l',3,3'-tetraethylbenzimidazolearbocyanine iodide; mC1CCP, carbonylcyanide m-ehlorophenylhydrazone; NAO, 10-N-nonyl acridine orange; PI, propidium iodide; SSC, side scatter.
lism were observed in apoptotic cells, and particularly the morphology and function of mitochondria were reported to be nonaffected in early apoptotic cells (9, 20, 21) . However the finding that the anti-apoptotic activity of the Bcl-2 proto-oncogene, which is located to the inner mitochondrial membrane (16) , can be correlated to its ability to increase the mitochondrial membrane potential (A~m) in L929 cells (15) suggests that mitochondrial function could be impaired during apoptosis. Moreover, a recent study we performed on rat embryo ceils immortalized with temperature sensitive mutants of SV-40 large T antigen, showed that cells exhibiting the morphological features of apoptosis (at restrictive temperature, heat-inactivation of large T antigen causes p53 release, growth arrest, and cell death with apoptotic characteristics [48] ) exhibited a decreased A~m, correlated with an uncoupling of electron transport from ATP production. These events were detected at early stages of the apoptotic process when most of the cells were not irreversibly committed to death, suggesting that mitochondria could be a primary target during apoptosis of these cells (43) .
To assess whether alterations of mitochondrial structure and function are occurring in apoptosis of immature thymocytes, we performed a multiparametric analysis of thy-mocytes undergoing apoptosis either spontaneously or after dexamethasone treatment. Simultaneous detection of light scattering properties, integrity of plasma membrane, chromatin condensation, and DNA fragmentation allowed a precise analysis of the preapoptotic and apoptotic stages. Futhermore, a thorough study of mitochondrial structure and function indicates that alterations in mitochondria are early events in thymocyte apoptosis, characterized by dramatic changes in mitochondrial membrane visualized by electron and confocal microscopy, associated with a drop of mxI't m occurring before oligonucleosomal DNA fragmentation.
Materials and Methods

Thymocytes Cultures
Thymocytes were isolated from male mice Balb/e (3--4 wk old) and cellular suspension was prepared according to Raffay and Cohen (36) . Thymocytes were incubated for various periods of time, either at 4°C or at 37°C, at 1 x 106 cells/ml in RPMI-1640 supplemented with 10% (vol/vol) FCS, 1 mM glutamine, 10 mM Hepes, 1% penicillin/streptomycin. In some experiments 1 p,M dexamethasone (9a-fluoro-16ct-methyl-prednisolone; Sigma Immunochemicals, St. Louis, MO) was added at the initiation of the culture at 37°C.
Cellular Mortality
The cellular mortality was assessed according to the loss of trypan blue exclusion. Percentages of dead cells were estimated after counting 100 cells for each sample.
Gel Electrophoresis of Fragmented DNA
Gel electrophoresis of DNA was performed according to the method described by Newell et al. (29) . 2 x 106 cells were lysed in 500 Ixl of 10 mM Tris, 1 mM EDTA, 0.2% Triton X-100. High and low molecular weight fractions from lysed cells were separated and the low molecular weight fractions, containing fragmented DNA, were precipitated at -20°C in 50% 2-propanol and 0.5 M NaC1. The precipitates were collected after centrifugation at 13,000 g, air-dried, resuspended in 10 mM Tris, 1 mM EDTA (pH 7.4), and treated with RNAse (Sigma) at 5 ~g/ml during 30 mn at 36°C. Loading buffer containing 15 mM EDTA, 2% SDS, 50% glycerol, and 0.5% bromophenol blue was added to samples at 1:5 (vol/vol), and samples were heated to 65°C for 10 min. Electrophoresis was performed in 0.75% agarose for 2 h, 90V. Oligonucleosomal fragments of DNA were visualized by staining with ethidium bromide.
Quantitation of Apoptosis by Flow Cytometric Analysis
Nick-Translation Assays. As one of the major characteristics of apoptosis is DNA-fragmentation, we quantitated cells exhibiting DNA breaks using the in situ nick-translation technique originally described by Meyaard et al. (26) that we slightly modified. After successive fixations of the cells in 1% paraformaldehyde for 20 min at 0°C and in 70% ethanol for 4 min, DNA breaks were nick-translated for 90 min in 10 I~l of a mixture containing 55 p,M of dUTP-biotine (Boehringer Mannheim Corp., Indianapolis, IN), 19 ~M of dATP, dCTP, dGTP (Pharmacia Biotech Inc., Piscataway, NH), 100 U/ml of DNA-polymerase I (Promega, Madison, WI), in 50 mM Tris-HCL, 5 mM MgC12, 10 mM I~-mercaptoethanol, 10 p,g/ml BSA, pH 7.8. The cells were washed in PBS, and the labeling was realized for 30 min in 40 pJ of a mixture containing 20 ixg/ml of RNAse DNAse-free (Boehringer Mannheim Corp.), 5 p,g/ml of avidin-FITC (InterbioTech, Paris, France), 0.1% Triton X-100, 5% (wt/vol) nonfat milk powder, in 4x SSC. Flow cytometry analysis was performed on a FACScan (Becton Dickinson, San Jose, CA) tuned at 488 nm, using the FL1 photomultiplier (bandpass 530 nm, bandwidth 30 nm). The data were recorded in list mode for further analysis with the lysis II software (Becton Dickinson).
Acridine Orange (AO)lEthidium Bromide (EB) Staining. We described previously this double staining which allows to distinguish early apoptotic cells from living and dead ceils (12, 33) . 2.5 x 105 pelleted thymocytes were resuspended in 200 Ixl of PBS. 2 Ixl of staining solution (stock solution AO 1.5 ~g/ml, EB 5 ~g/ml) were added and the cell suspension was incubated for 5 nan at room temperature.The cell suspension was then diluted with 200 pJ of PBS and analyzed with a FACScan. EB is used to stain dead cells, emitting a red-orange fluorescence with a 488-nm laser excitation. Using the same excitation, AO emits a yellow-green fluorescence when bound to a DNA and a red-orange fluorescence with RNA. However with the very low AO concentration used, only DNA emits enough fluorescence intensity to be detected under these conditions. The photomultipliers were FL1 for AO and FL2 (bandpass 585 nm, bandwidth of 42 nm) for EB. Using this assay, we observed not only the dead and viable cell populations usually described in fluorescent staining, but also a third population. The latter was weakly stained with AO and unstained with EB, and analysis of the forward light scatter signal (FSC) (cell size) of cells in this population showed that they exhibit a reduced size (see Fig.  1 ). The correlation between the subdiploid DNA content, as suggested by the weaker AO staining, and the existence of DNA fragments characteristic of apoptosis in these cells was previously shown in experiments separating them from dead cells and living cells on percoll gradients. Gel electrophoresis of DNA from these separated populations showed a characteristic DNA scale associated with cells weakly stained with AO or dead cells, whereas this was not observed in DNA from living cells (33) .
Nuclei Staining with Propidium Iodide (PI). Quantification of apoptotic nuclei was assessed by staining apoptotic nuclei with PI and performing FACS analysis according to a method previously described by Nicoletti et al. (30) . Briefly pelleted cells were gently resuspended in 1.5 ml of hypotonic fluorochrome solution (PI 50 i~g/ml in 0.1% sodium citrate, 0.1% Triton X-100). After overnight incubation, PI fluorescence was determined by FACScan analysis. Apoptotic nuclei appeared as a broad hypodiploid DNA peak that was easily distinguished from the narrow peak of nuclei with normal (diploid) DNA content in the red fluorescence channel (see Fig. 1 ).
Cytofluorimetric Analysis of A ~m and Mitochondrial Structure A ~ m Assessment Using DiOCo(3) and JC-1 Dyes.
Variations of the mitochondrial transmembrane potential A~ m during thymocyte apoptosis were studied using 3,3'-dihexyloxacarbocyanine iodide (DiOC6(3); Molecular Probes, Inc., Eugene, OR). This cyanine dye accumulates in the mitochondrial matrix under the influence of the A~Itm (6). 2.5 105 thymocytes were incubated in 100 ixl of PBS containing 0.1 ~M of DiOC6(3) for 30 min. DiOC6(3) membrane potential-related fluorescence was recorded using FL1 PMT.
Aqtm variations were also analyzed with another cyanine, 5,5',6,6'-tetrachloro-l,l',3,3'-tetraethylbenzimidazolcarbocyanine iodide (JC-1; Molecular Probes) (37, 41). 2.5 × 105 thymocytes were incubated in 100 Ixl of PBS containing 0.1 p~M of JC-1 for 30 min. For the FACScan acquisition, the PMT values were 524V and 429V, respectively, for FL1 and FL2; the FL1-FL2 compensation was 3% and FL2-FL1 compensation was 21%.
Mitochondrlal Structure Analysis Using NAO. Alteration of mitochondrial structure during thymocyte apoptosis has been evaluated following Nonyl Acridine Orange (10-N-nony1-3,6-bis[dimethylamino]acridine) or NAO incorporation (34, 35) . 2.5 x 105 thymocytes were incubated in 100 ixl of PBS containing 4 p,M of NAO for 30 min. Samples were followed for FACScan analysis with the same photomultiplier setting than used for DiOC6(3 ). The red fluorescence was recorded on the FL2 PMT for a control but not routinely used (34, 35) .
aft F1-ATPase Status of Cultured Thymocytes
The amount of ct~3 F1-ATPase was compared in living thymocytes incubated during 16 h at 4°C, and apoptotic thymocytes following 16-h culture at 37°C in the absence or in the presence of 1 p,M dexamethasone, as described above. Ceils were then rinsed twice in cold PBS, collected in isolation buffer containing sucrose 0.32 M, TES 5 mM pH 7.4, EDTA 0.5 mM, and lysed by addition of 0.5% Nonidet P-40. Crude extracts (50-100 p,g of protein) were used for Western blotting. Proteins were transferred to nitrocellulose. Blots were exposed overnight at 4°C to the rabbit anti-ctl3F1-ATPase polyclonal antibody (kindly provided by P. Vignais, Centre d'Etude NucMaire, Grenoble, France) and then exposed 1 h at room temperature to horseradish peroxidase-conjugated anti-immunoglobulin serum (Biosis, Philadelphia, PA). The immunoreactivity was revealed using Amersham ECL kit as described by Zheng et al. (48) .
Confocal Microscopy
Thymocytes were examined with a MRC-600 confocal microscope (BioRad Labs.. Richmond, CA) equipped with a 25 mW argon-ion laser and two detector channels. Excitation was performed using the 488-nm line from the argon-ion laser. Using an appropriate combination of filters, fluorescence emission was divided into yellow/green (515-540 nm) and red (570 nm and above) components that were directed through different confocal apertures to the two separate photomultipliers. The red fluorescence of the propidium iodide was used to discard the dead cells from the picture taken with the yellow/green channel. Confocal sections were made at increments of 0.3 lain. Maximum brightness projections (25) of parts of the complete 3-D data set of optical sections were performed. The dye concentrations were 0.1 p,M for DiOC6(3 ) and NAO, 0.05 ~M for JC-1 and 2.5 izg/ml for PI.
Electron Microscopy
Ultrastructural morphology of mitochondria and nuclei in entire cells was performed by electron microscopy. Cells were fixed in 2.5% glutaraldehyde, 4% osmic acid, and 1% tannic acid. They were then dehydrated in a series of alcohol solutions and embedded in Epon. Sections were stained with uranyl acetate and lead citrate before examination with a JEM 1200 EXII electron microscope.
Results
Muln'parametric Flow Cytometry Analysis of Apoptotic Thymocytes
One of the problems associated with cell death study is the lack of common and reliable marker of apoptosis. Indeed, internucleosomal DNA-fragmentation is often considered as a hallmark of apoptosis. As shown on Fig. 1, panel 5 , nucleosomal ladder can easily be detected after electrophoresis of DNA from thymocytes cultured during 24 h at 37°C in the absence of stimulation (Fig. 1, 5 lane B) while it is not observed when thymocytes are maintained at 4°C (Fig. 1, 5 lane A) . A significant increase of apoptosis can be induced in thymocytes by glucocorticoids (7) and as shown in Fig. 1 , 5 lane C, the intensity of the nucleosomal bands is enhanced when thymocytes are incubated with dexamethasone. Internucleosomal DNA-fragmentation is a common feature of apoptosis, as it occurs in most cases. However it is not observed in all cases of apoptosis and therefore cannot be relied on exclusively as a marker of apoptosis (8, 32) .
Morphological modifications of cells undergoing apoptosis, which can be precisely analyzed by flow-cytometry, represent one of the criteria used to quantify apoptosis. Thymocytes undergoing apoptosis exhibit a smaller size (FSC) and a higher granulosity (SSC) as compared to living cells (2, 9, 21) . As shown in Fig. 1, I A, thymocytes incubated overnight at 4°C are not altered in their viability whereas their culture at 37°C allows to distinguish three distinct populations (Fig. 1, 1 B) : apoptotic cells (green) exhibit size and granulosity criteria easily distinguishable from living cells (blue) and dead cells (red). When dexamethasone is added at the initiation of 24-h culture of thymocytes (Fig. 1,1 C) , most of the cells are undergoing apoptosis, and FSC/SSC analysis reveals that thymocytes fall either in the early apoptotic population or in the dead cell population. Although following the size criteria is convenient, it is also restrictive since cells committed to this cell death undergo continuous modifications that cannot be analyzed with this parameter alone. Therefore, to follow accurately the alterations occurring during the apoptosis process, we performed a multiparametric approach allowing to correlate on the same apoptotic population the cellular and nuclear modifications.
Morphological and nuclear modifications occurring during apoptosis were assessed following several methods. The first one allows to distinguish apoptotic, but still living, cells from dead cells by dual staining with AO and EB. Living thymocytes (Fig. 1, 2 A) are highly stained by AO and do not incorporate EB. When thymocytes are incubated overnight at 37°C, one can distinguish several populations (Fig. 1, 2 Therefore comparison between 1 and 2 in Fig. 1 indicates that one of the stages of apoptosis is characterized by cell volume alteration but preservation of plasma membrane permeabilization. This early apoptotic population (green) can be distinguished from the late apoptotic one (red) which has totally lost cell integrity. Quantification of apoptosis on the basis of nuclear modifications, such as chromatin condensation, can also be performed by staining apoptotic nuclei with PI (30) . FACScan analysis of stained nuclei from cultured thymocytes shows the existence of two peaks, a narrow fluorescent peak with normal DNA content and a broad hypodiploid DNA peak, corresponding to apoptotic nuclei (Fig. 1, 4 B) . The percentage of apoptotic nuclei (52%) correlates with the proportion of apoptotic cells detected by AO/EB staining. However we must point out that PI staining of nuclei seems to underestimate the proportion of apoptotic cells in the population of dexamethasone-treated thymocytes (Fig. 1, 4 C) . Therefore, in that case, discrimination between apoptotic cells with condensed chromatin and normal cells is more accurate using AO staining. Identification of apoptotic cells can also be performed by in situ nick-translation (26) which allows the quantification of cells with fragmented DNA (Fig. 1, 3) . A good correlation was found when assessment of apoptotic cells by nick translation was compared to FSC/SSC analysis or AO/EB staining (Fig. 1, 1-3 ): as deduced previously from size analysis, the majority (98%) of dexamethasone-treated thymocytes and 57% of 37°C-incubated thymocytes are apoptotic and 3'end-labeling indicates that they exhibit fragmented DNA. It is worth noting that multiparametric analysis of thymocytes has revealed a heterogeneity in apoptotic populations, distinguishing an early apoptotic population with reduced size, nuclear alterations including DNA fragmentation but preservation of plasma membrane permeabilization, from a late apoptotic population with different light scattering properties and loss of membrane integrity.
Analysis by Flow Cytometry of Mitochondrial Modifications Occurring during Apoptosis
A qt m Evaluation with a Cyanine Dye, DiOC6 (3) . During apoptosis, the plasma membrane of thymocytes undergoes multiple changes. These include morphological alterations as revealed by electron microscopy (27, 46) , reduction of lectin binding sites, reduced expression of several thymocyte an- tigens (8) including CD4 and CD8 (42) and changes in membrane lipids (11) . We analyzed with several specific dyes the mitochondrial modifications occuring during apoptosis of dexamethasone-treated thymocytes. Following fluorescence associated with the uptake of cationic lipophilic dye DiOC6(3) allows to evaluate A~m modifications. Fig. 2 A shows a time-course study of membrane potentialrelated fluorescence of DiOC6(3) after staining of dexamethasone treated thymocytes. It can be observed that cells undergoing morphological changes over time, which can be detected by the FSC parameter, show simultaneously a marked decrease of A~m-related fluorescence. This drop in mitochondrial potential is observed 2 h after dexamethasone treatment and concerns at that time 22%
of thymocytes, and it increases with time until 12 h after dexamethasone treatment where the majority (95%) of thymocytes show a drop in mitochondrial potential. Therefore A~ m modifications, evaluated by the uptake of cationic lipophilic dye DiOC6(3), are detected early in the process of apoptosis.
Mitochondrial Membrane Modifications Assessed with NAO Staining. Alteration of mitochondrial structure has been evaluated following NAO incorporation in the same dexamethasone-treated thymocyte population mentioned above. Considering that a cardiolipid molecule binds two molecules of NAO, any decrease in fluorescence will mean either a decreased amount of cardiolipids into the mitochondrial membrane or a drastic alteration of them (35) . Thymocytes were incubated during 16 h either at 4 or at 37°C in culture medium or in the presence of 1 ixM dexamethasone. The amount of ctl3F1-ATPase was determined as described in Materials and Methods. Fig. 2 B shows that reduction of FSC observed 2 h after dexamethasone treatment is accompanied by a drop in NAO-related fluorescence. Interestingly, comparison of DiOC6 (3) and N A O fluorescence in the same time course study of apoptotic thymocytes (Fig. 2, A and B) indicates that the same percentages of cells show a reduction in AXItt m and an alteration of mitochondrial membrane structure. A careful parallel study of fluorescence associated with these two dyes did not allow one to determine which event precedes the other during the first 2 h of culture (data not shown). The drop in A~ m impairs mitochondrial protein import and may impair the cardiolipin synthesis. As a consequence, it may modify the ratio of respiratory chain component to cardiolipin, subsequently reducing the cardiolipin staining with NAO.
A simultaneous determination of thymocytes undergoing D N A breaks by in situ nick-translation (staining with dUTP) (Fig. 2 C) indicates that cells with fragmented D N A can be found 2 h after dexamethasone treatment. It is noteworthy that the percentages of cells stained by dUTP two and 6 h after dexamethasone treatment are significantly lower than the proportion of cells showing impairment in A~t' m and mitochondrial membrane (Fig. 2,  compare C with A and B) . It suggests that during apoptosis mitochondrial alterations may occur before D N A fragmentation. However D N A degradation is known to occur in two steps. The first one, which results in fragments of 300 and 50 kb, precedes internucleosomal degradation (5) . Since the first step may not be detected by the nick-translation procedure, we cannot exclude that DNA degradation to large fragments may occur at the same time, or even before the observed changes in mitochondria.
In order to exclude the possibility that the observed decrease in uptake of DiOC6(3) and decreased stainability with N A O was a consequence of shedding of apoptotic bodies (which include mitochondria), the otl3F1-ATPase status of thymocytes maintained either at 4°C for 16 h, or induced to apoptosis at 37°C or by treatment with dexamethasone was analyzed by Western blotting and immunoreactivity (Fig. 3) . Whatever the culture conditions used, i.e., whether thymocytes were alive or apoptotic, no difference in the amount of these essential components of the inner mitochondrial membrane was found. Together with our electron-and confocal microscopy observations (see below), these results argue that the changes we observed at the mitochondrial level during the process of apoptosis do not originate from a decreased number of mitochondria per cell but rather are the consequences of alterations in mitochondrial structure and function. ysis visualized mitochondrial alterations suggested by the flow-cytometric analysis. Fig. 4 compares mitochondria from either living thymocytes incubated overnight at 4°C or dexamethasone-treated apoptotic thymocytes. In living thymocytes the chromatin is normal and mitochondrial structures are preserved (Fig. 4 A) . Apoptotic thymocytes harbor simultaneously the nuclear characteristic of apoptotic cells (i.e., condensation of nuclear chromatin), and dramatic alterations of the mitochondrial structures (i.e., reduction of the number of cristae membranes, destructurization of the surrounding membranes, and swelling of the organelles) (Fig. 4 B) .
Electron Microscopy Analysis. Electron microscopy anal-
Therefore this time course multiparametric study has revealed the existence of a very early apoptotic stage in which thymocytes show mitochondrial alterations such as a drop in A~m whereas intact membrane permeability is preserved and internucleosomal DNA degradation is not detected. Mitochondrial alterations appear therefore to be an early event observed as a part of the apoptotic process in thymocytes. Fig. 5 is a detailed kinetic of mitochondrial and nuclear modifications detectable during the first twelve hours of dexamethasone-induced apoptosis. Since a previous time course study of mitochondrial alterations indicated that DiOC6(3) and NAO related fluorescence followed the same kinetic (Fig. 3) , we only show in (Fig. 6, 2 A) . Apoptotic thymocytes, identified by their light scattering properties (reduced FSC and increased SSC) (Fig. 6, 1 B and C, blue) exhibit an extinction of the red fluorescence (Fig. 6, 2 B and C) similar, to a certain extent, to what could be obtained by the incubation of thymocytes with an uncoupler like mC1CCP (2.5 ixM) (data not shown). Therefore using the JC-1 dye, these observations extend the results described above on the membrane potential-related fluorescence of DiOC6(3) and confirm that mitochondrial Aats m alteration occurs during apoptosis.
Time Course Analysis of Early Events during Apoptosis
Due to the small amount of thymocyte cytoplasm, it is difficult to follow by confocal microscopy the spatial changes occurring between JC-l-related green and red-fluorescence during induction of apoptosis. Fig. 7 , B shows that nonapoptotic cells exhibit a wide JC-1 fluorescence heterogeneity at the mitochondrial level since mitochondria appear simultaneously red and green. When apoptosis is induced by dexamethasone, the decrease in Aq~m (indicated by the flow-cytometric analysis, Fig. 6 ) induces the extinction of the red fluorescence and only a residual green fluorescence is visible at the mitochondrial level (monomeric form of JC-1) (data not shown). Within the cytoplasm a green fluorescence of JC-1 is also visible, which may be due to the maintenance of the plasma membrane potential. Only a treatment of the cells with an uncoupler like mCICCP would totally abolish this green JC-1 fluorescence (37, 41) .
Confocal microscopy analysis visualized the mitochon- 
Discussion
The present report shows that alterations in mitochondrial structure and function are early events of thymocyte apoptosis. Until recently, it was generally assumed that mitochondria were morphologically normal during apoptotic cell death, whereas in necrotic cells they appeared swollen. However, some data indicate that a breakdown of mitochondrial function could be occuring during apoptosis. An inhibition of oxidative ATP production has been reported to be associated with glucocorticoid-induced lymphocyte apoptosis (31) and a decreased mitochondrial dehydrogenase ability to cleave tetrazolium salt (MTI') (28) has been found in anti-CD3-induced apoptosis of T cell hybridoma (44) . In the case of TNF~-induced apoptosis (24) , early disruption of mitochondrial function (23, 39) has been described. Recently we have shown that, during the commitment to apoptosis of cell conditionally immortalized with SV-40, there is an early drop of AxI/m (which correlates with an uncoupling of electron transport from ATP production), a drop in the rate of mitochondrial protein translation and a drop in the maturation of mitochondrial protein cytoplasmic precursors (43) . In the present paper we show that in the model system of thymocyte apoptosis, a similar drop in AxI)' m is also an early event. Thus, this AxI)" m alteration is an early marker of apoptosis in at least two cell systems, and possibly more generally. Our results are in close connection with a recent study showing that an early drop of mxIY m is observed in response to different agents inducing lymphoid cell depletion in vivo (47) , and interestingly this reduction in AxIt m was shown to be an irreversible step of ongoing lymphocyte death, preceding other alterations of cellular physiology such as D N A degradation into high and low molecular weight fragments (47) . Is this breakdown of mitochondria directly involved in the apoptosis process? The finding that the Bcl2 protooncogene product can locate to mitochondrial membrane (16) and that its ability to suppress apoptosis is reduced in constructs that lack the COOH-terminal transmembrane segment (1, 17) has suggested that mitochondrial function could be actively impaired during apoptosis and that Bcl2 could counteract this event. The observation that Bcl2 can block apoptosis in cells that do not contain a functional respiratory chain (cells lacking mtDNA) (18) has brought the conclusion that apoptosis itself and the anti-apoptotic activity of Bcl2 are not related to mitochondrial respiration. However several arguments are in favor of the involvement of a mitochondrial event in apoptosis. (a) The cells devoid of mtDNA had been selected for their ability to grow in the presence of ethidium bromide which inhibits mtDNA replication. During the selection most cells die (by apoptosis?) and therefore the clones are selected for their ability to grow and survive in the absence of respiration. Furthermore, these cells generate ATP by glycolysis and also maintain a normal Aat'Cm probably by using the ADP/ATP translocator to import ATP in the mitochondria (40) . (b) L929 cells overexpressing bcl-2 have an increased A~ m and are protected against apoptotic cell killing induced by TNFc~. TNF~x-mediated cytotoxicity in L929 cells has also been shown to alter mitochondrial structure and to inhibit succinate-and NADH-dehydrogenase activity. This inhibition of the electron transport becomes readily detectable 1 h after TNFet addition, thus preceding the onset of cell death by at least 3--6 h. (c) Specific mitochondrial respiratory chain inhibitors like rotenone and antimycin A and the highly specific ATP-synthase inhibitor oligomycin induce an apoptotic response in mammalian cells including L929 fibroblasts (45) , indicating that a drop in A~n is sufficient to induce the other events of an apoptotic cell death. (d) The Caenorhabditus elegans and Caenorhabditus briggsae Ced9 genes, functional homo-logues of bcl-2, have been cloned (14) . In both nematode species they are expressed as a polycistronic mRNA with the cytB560 mRNA. Thus, evolution has selected and conserved a coexpression of these two genes suggesting a possible functional link. (22) . Alternatively we can imagine that the breakdown of mitochondria observed during apoptosis leads to an increased production of free radicals and that bd-2 (or ced-9) can counteract their effect. This implies that an increase in flee radical production would be observed during apoptosis, even in cells devoid of mtDNA. However, to our knowledge, such a production of prooxidants in a cell that does not contain a full respiratory apparatus has not been reported.
